Introduction {#s0005}
============

The tumor sheds cells into the peritoneal cavity which implant on a membrane (mesothelium) and cover the peritoneal surfaces [@bb0005]. Complex bidirectional interactions between metastatic cancer cells and peritoneal environment seem to be crucial for colonization on the peritoneal wall. The peritoneal environment is receptive to cancer seeding [@bb0010]. A common feature of the peritoneal environment is the mesothelial lining to which cancer cells must bind successively [@bb0015], [@bb0020] and penetrate [@bb0025] to adhere to the underlying tissues. Recent *in vitro* studies suggest that this penetration step may take place a few hours after the fixation of metastatic cancer cells [@bb0030]. These cells can then adhere to the surface of peritoneal organ and seed new tumors, favored by the chemokines and growth factors within the peritoneal fluid [@bb0035].

Epithelial mesenchymal transition (EMT) in mesothelial cells plays an important role in the processes of peritoneal membrane fixation and invasion [@bb0040]. Electron micrographs of tumor associated with excised human peritoneum revealed that mesothelial cells are not present directly beneath the tumor mass, suggesting mesothelial clearance of the area below the tumor mass [@bb0045]. To the best of our knowledge, the cellular and molecular mechanisms of mesothelial clearance are still unknown.

Mesothelial cells are flat cells that produce a small amount of lubricating fluid inside the abdomen with a dynamic cellular membrane and provide a slippery, non-adhesive and protective surface [@bb0050]. Mesothelial monolayer covers the peritoneal cavity and its associated organs are the major site for development of secondary tumor [@bb0055]. Extracellular matrix and adhesion molecules constitute a great part of the tumor microenvironment. Several hypotheses such as adhesion of cancer cell *via* mesothelial cells or mesothelial basement membranes have been proposed [@bb0040], [@bb0060] and the role of VCAM-1 [@bb0065], α3β1 integrin [@bb0070] as well as MMP [@bb0075], TGF-β [@bb0080], EGF [@bb0085], HGF [@bb0090] and VEGF-A and C were investigated [@bb0095]. In cancer treatment, a complicated postoperative healing scar corresponds to an increase in the incidence of tumor expansion [@bb0100].

However, the impact of wound healing processes on the peritoneal microenvironment, such as fibrin deposition, as well as the behavior of mesothelial cells in cancer associated pathologies has not been reported. Here we studied the expression of procoagulant and proteolytic enzymes in the tumor microenvironment to modify peritoneal surfaces during carcinomatosis expansion.

Materials and Methods {#s0010}
=====================

Cell Lines {#s0015}
----------

Normal adult human mesothelial cells were purchased from Zen Bio, Inc. (Research Triangle Park, North Carolina, USA) and CT-26 (colon cancer) from American Type Culture Collection (ATCC, Manassas, VA). The two cells (mesothelial cells and CT26) were maintained respectively in mesothelial cell growth medium (Zen-Bio, Inc.) and DMEM (Gibco, Saint Aubin, France). The cellular environment was maintained at 50 ml/L CO~2~ and 37°C.

Patients {#s0020}
--------

Peritoneal membranes (ovarian cancer patient) and six freshly isolated ascites fluids (ovarian n = 2, gastric n = 2 and colic n = 2 cancer patients) were obtained from the General and Digestive Tract Surgery Department at Lariboisière Hospital in Paris (France). Informed consent was obtained from each patient prior to surgery. The cells (2×10^5^/200 μl) of peritoneal liquid (n = 6) were sedimented by a short spin at 3000 rpm for 10 min at 20°C. Ascites fluids obtained from cancer patient (n = 6) were used after centrifugation at 1200 rpm for 5 min and preserved at −80°C.

Fluorometric assays {#s0025}
-------------------

A substrate-based activity assay kit (AnaspecSensoLyte®, Belgium) that determines the activity of neprilysin was used according to the manufacturer\'s instructions. Briefly, equal amounts of cell lysates of mesothelial cells grown in medium with or without 25% ascites for 6 days were used. Aliquots from each sample were incubated in the presence of the neprilysin substrate solutions for 60 min. The fluorescent product was measured in a spectrophotofluorometer (GloMax®-Multi Detection System, France) with excitation at 490 nm and emission at 520 nm.

Immunohistochemistry {#s0030}
--------------------

Samples of invasive and noninvasive peritoneum and tumor tissue were obtained from patients and used for this study. For anatomo-pathological analysis, the samples were dissected, fixed in 4% paraformaldehyde (PFA) and embedded in paraffin. The slides (4 micron) were prepared and stained with hematein-eosin-safran according to conventional methods in the anatomo-pathological laboratories. Similarly, slides were also prepared using cytospin for ovarian cancer ascites cells. In parallel, several slides were stained with peroxidase-coupled antibodies using a Benchmark Ultra apparatus (Roche Ventana, Tucson, AZ, USA) according to the protocol of their manufacturers. The antibodies used for immunohistochemistry were: anti E-cadherin (1/50), Ki67 (1/50), CD-31 (1/20), D2--40 (undiluted) from Glostrup USA and cytokeratin (1/50), WT-1 (1/50) from Carpinteria, California, USA, F1E1 (anti fibrin antibody 1/50) from our laboratory [@bb0105]. The images were taken by Leitz microscope (Diaplan) with a Nikon Cool pix 995 apparatus (Japan).

Scanning Electron Microscopy {#s0035}
----------------------------

The peritoneal membranes were fixed using 4% PFA for 24 h and washed with PBS buffer (1×) three times each for 5 min. Then 2% glutaraldehyde was added to the membrane for 20 min and washed with PBS buffer (1×) three times each for 5 min. After a final wash with distilled water, the samples were dehydrated in increasing concentrations of ethanol. The samples were gold plated by sputtering after drying. These were observed with a S260 CAMBRIDGE scanning electron equipped with a LaB6 filament operating at 15 kV and the images were captured using the "Orion" software from (NCH Software).

Transmission Electron Microscopy {#s0040}
--------------------------------

The primary ovarian cancer cells with fibrosis were detected using transmission electron microscopy. Briefly, the primary cells, after their ascites recovery, were cultured in DMEM medium. Cells (100 million) were harvested, pelleted and then fixed in 4% PFA for 15 min. The samples were then rinsed with PBS (1×). Ultrafine sections (50 to 70 nm) were cut using a Leica RM2235 ultramicrotome (Leica Microsystems GmbH, Wetzlar, Germany) and observed under a transmission electron microscope (Hitachi H-800; Hitachi, Tokyo, Japan).

Microcinematography (MCG) {#s0045}
-------------------------

To document the kinetics of CT26 cells in the presence of fibrin, time-lapse MCG was done. Briefly, 100 μl of human plasma with 2 U of thrombin and 30 μl of 0.025 M CaCl~2~ (Diagnostic STAGO, Parsippany, USA) were prepared in a 6-well plate. After 30--45 min, CT26 cells (5 × 10^5^/well) were seeded on thrombin clot in medium. The plate was placed in the stagetop environmental chamber. A specific area was focused where there was a maximum chance of observing the interaction between the cancer cells and thrombin clot. MCG was performed to acquire images after every 2 min for 24 h to 48 h in order to study the migration behavior of CT26 in a controlled temperature room of 37 °C in a humidified atmosphere (\>80%) containing 5% CO~2~ using an EVOS® FL Auto Imaging System (Life Technologies™, Waltham, MA, USA). The distance traveled by the cancer cells was calculated in micrometer while the average speed in micrometer/min was obtained by dividing the total distance traveled by the time required to cover this distance.

Wound Healing Assay {#s0050}
-------------------

The mesothelial cells were cultured (80% confluence) in a 12-well plate with or without 25% ovarian ascites for 6 h, 12 h, 24 h or 36 h. The migration ability of mesothelial cells was evaluated by means of a scratch assay. A denuded area was generated on quiescent cell monolayers of mesothelial cells by scratching with a sterile pipette tip. The monolayer was washed twice with PBS (1×) and then incubated for 24 h in medium having no FBS. The cells were photographed at different time. The width of the scratch was measured at three different places in the photograph to obtain an average value after different time intervals. The wound closure rate (μm/h) was calculated as the slope of the line obtained after plotting a graph; width *versus* time interval.

RNA isolation, RT and real-time PCR {#s0055}
-----------------------------------

Total RNA in the cells was extracted using the Qiagen RNeasy Mini Kit (Qiagen, Germany) according to the manufacturer\'s instruction. The RNA samples were transcribed into cDNA in a 20 μl volume, using the QuantiTect reverse transcription kit (Qiagen).The thermal cycle included the following real-time PCR conditions: 95°C for 5 min, followed by 40 cycles (denaturation for 15 sec at 95°C, annealing for 20 sec at 60°C) and extension for 20sec at 72°C). The primers sequences and the size of the PCR product for the target and reference gene are listed in supplementary results table S1. The expression levels of mRNA of different markers were detected by real-time PCR with ß-actin as internal reference, using Mesa Blue qPCR Master Mix Plus for SYBR assay (Eurogentec) on the Master cycler Realplex2 (Eppendorf).The PCR products of cell lines and tissue samples, after real-time PCR, were electrophoresed by E-Gel Precast Agarose Electrophoresis System (Thermo Fisher Scientific Inc., Waltham, USA).

Cytokine Array {#s0060}
--------------

We examined the supernatant of mesothelial cells cultured in 25% ovarian ascites using a protein cytokine array (RayBio® Human Cytokine Antibody, Norcross, GA, USA). This technique is based on the principle of sandwich immunoassay. It comprises essentially of screening, in duplicate, 174 different membrane-coupled anti-cytokines along with appropriate controls. Mesothelial cells (0.25×10^6^ cells/ml) were incubated in RPMI medium having no fetal bovine serum with or without 25% ovarian ascites at 37°C in a humidified atmosphere of 5% CO~2~ for 24 h. Supernatants containing cytokines were retrieved and processed according to the manufacturer\'s protocol. The presence of antibody coupled proteins was revealed by applying ECL (enhanced chemiluminescence) to the membranes, according to the manufacturer\'s recommendations. The membranes were then exposed to photosensitive film (Kodak, X-OMAT, AR, USA).

The intensity of chemiluminescence captured on the photosensitive film was measured and recorded. After subtracting the background noise, the results were expressed as a ratio of the chemiluminescence intensity of experimental *versus* control spots.

Cell Viability Assay {#s0065}
--------------------

Cell viability was assayed by Real Time-Glo™ MT cell viability assay. Briefly, cells (5 × 10^2^/well) were seeded in 96-well plates, following 24 h later by treatment with 25% gastric, colic or ovarian ascites for 48 h. Bioluminescence was measured with spectrofluorometer SAFAS Xenius XC. Cell viability was expressed as the percent absorbance of the ascites-treated cells relative to that of the controlled cells. Each condition was done in triplicate. The experiment is representative of three independent lots.

Results {#s0070}
=======

Change in the Morphology of Mesothelial Cell Layer and Fibrin Deposition on the Peritoneal Wall {#s0075}
-----------------------------------------------------------------------------------------------

As presented in [Figure 1](#f0005){ref-type="fig"}, mesothelial cell layer in the non-invasive peritoneal region forms a continuous line when the cells of the peritoneal sample were stained with E-cadherin ([Figure 1](#f0005){ref-type="fig"}*A*). In invasive regions, the mesothelial cell layer is perturbed in certain areas of the peritoneal membrane and forms a discontinuous line under the same conditions ([Figure 1](#f0005){ref-type="fig"}*B*). [Figure 1](#f0005){ref-type="fig"}*C* presents the scanning electron microscopy (SEM) analysis of the non-carcinomatous peritoneal membrane. The mesothelial cells (arrow) with the plicate layer show the normal cell--cell interaction forming a homogenous layer. [Figure 1](#f0005){ref-type="fig"}*D* shows a SEM analysis of the invasive peritoneum in which mesothelial cell detachment of the sub-mesothelial cell layer was noticed.Figure. 1**Mesothelial cell layer in the non-invasive and invasive peritoneal region and cancer cell clusters in ascites.**Invasive and non-invasive peritoneal region by immunohistochemistry of E-cadherin (A and B) and scanning electron microscopy (C and D). Mesothelial cell (MC) shown by black arrow. Eosin hematoxylin and immunohistochemical detection of cytokeratin (mesothelial layer shown by the white arrow) on the non-invasive peritoneum were presented respectively in (E and H). Similarly, the fibrin deposition and the cancer nodule on the invasive peritoneal surface presented with yellow and red arrow respectively (F, G and I, J). Scanning electron microscopy analysis of non-invasive (K) and invasive peritoneum (L, M and N) demonstrated the intermesothelial surface (black arrow). The presence of fibrin network identified on the inter-mesothelial (basement membrane) space (yellow arrow, M and N) and the cancer cell interaction with fibrin network (N).Figure 1

Fibrin deposits on the mesothelial cell layer of peritoneal metastasis were analyzed by classical anatomo-pathological studies as well as by immunohistochemistry. As presented in [Figure 1](#f0005){ref-type="fig"}*E*, non-invasive peritoneal wall in patients with carcinomatosis were analyzed by photonic microscopy. As shown in [Figure 1](#f0005){ref-type="fig"}*F*, several regions with fibrin deposition were observed. In some regions, cancer nodules (red arrow) were observed on the fibrin net ([Figure 1](#f0005){ref-type="fig"}*G*). The presence of fibrin on the peritoneal wall may be a consequence of procoagulant activity *via* mesothelial tissue factor as well as submesothelial collagen in these regions and confirmed using human anti-fibrin monoclonal antibodies. [Figure 1](#f0005){ref-type="fig"}*H* shows the non-invasive region of the peritoneal surface, where the mesothelial cells were stained with anti-cytokeratin antibody (white arrow). [Figure 1](#f0005){ref-type="fig"}, *I* and *J* present the peritoneal walls from two patients respectively in that the fibrin deposition detected in the inter-mesothelial cells space ([Figure 1](#f0005){ref-type="fig"}*I*) or on the entire surface (red arrows).

The SEM analysis of the non-invasive peritoneum shows an unchanged and uninterrupted surface covered with mesothelial cells ([Figure 1](#f0005){ref-type="fig"}*K*). The surface of the mesothelial layer was intact and the cells were naturally arranged. On the other hand, in the invasive regions, the mesothelial cells were deformed and fiber nets were deposited in the inter-mesothelial cell space (Figure 1, *L* and *M*). The interaction of cancer cells with fibrin deposition is presented in [Figure 1](#f0005){ref-type="fig"}*N*.

Fibrin Deposition on the Peritoneal Wall Associated With Angiogenesis and Lymphangiogenesis {#s0080}
-------------------------------------------------------------------------------------------

[Figure 2](#f0010){ref-type="fig"}, *A*--*D* presents the non-invasive region of the peritoneum. The mesothelial cells were stained with anti--cytokeratin antibody that reacts only with the epithelial cells ([Figure 2](#f0010){ref-type="fig"}*A*). The blood vessels were stained with an anti CD-31 antibody. CD31 was present on the platelets, monocytes, granulocytes, B lymphocytes and intracellular endothelial junction ([Figure 2](#f0010){ref-type="fig"}*B*). The lymphatic wall was stained with anti D2--40 antibody ([Figure 2](#f0010){ref-type="fig"}*C*). This antibody also reacts with mesothelial cells. [Figure 2](#f0010){ref-type="fig"}*D* presents all the cells that are in division cycle stained with the Ki-67 antibody.Figure 2**Immunohistochemistry of non-invasive and invasive peritoneal region.**Immunohistochemical detection of cytokeratin (CK) on the mesothelial cell (MC) layer, CD31 (endothelial cells of blood vessels), D2--40 (endothelial cells of lymphatic vessels that cross react with mesothelial cells) and Ki-67 (proliferative marker) in non-invasive region (A, B, C and D) and of CD31, D2--40 and Ki-67 in invasive region (E, F and G) of peritoneum were presented. The fibrin deposition identified with yellow arrows in E, F and G. Statistical data for the number of CD31 and D2--40 stained cells in non-invasive and invasive regions is presented (H). Data were obtained from each of 20 invasive and non-invasive areas of a single preparation. \**P* \< .05.Figure 2

In invasive regions (positive for Ki-67), the presence of fibrin deposition was associated with high expression of CD31 ([Figure 2](#f0010){ref-type="fig"}*E*) and D2--40 ([Figure 2](#f0010){ref-type="fig"}*F*). As presented in [Figure 2](#f0010){ref-type="fig"}*G*, the proliferative cells are present in fibrin deposits as well as peritoneal tissues. The number of blood vessels and lymphatic vessels in the non-invasive and invasive regions of the peritoneum is presented in [Figure 2](#f0010){ref-type="fig"}*H*. Interestingly, the blood vessels in fibrin deposition area contain more mononuclear cells than other areas reflecting earlier inflammatory events.

Peritoneal Fluid from Ovarian Carcinomatosis Modified Mesothelial Cell Behavior *In Vitro* {#s0085}
------------------------------------------------------------------------------------------

For the analysis of the impact of ovarian peritoneal fluid on mesothelial cells, we tested the effect of medium containing 25% ovarian ascites on cell shapes, cell proliferation and cell migration *in vitro*. When the mesothelial cells were incubated with ascites, they acquired a fusiform shape. [Figure 3](#f0015){ref-type="fig"} presents the shape of the mesothelial cell shapes *in vitro* before (3A) and after (3B) incubation with ascites. The numerical results are presented in [Figure 3](#f0015){ref-type="fig"}*C* (*P* = .01). The presence of ascites in the culture medium increases significantly mesothelial cell proliferation (*P* = .001) and wound healing (*P* = .01) in a time-dependent manner ([Figure 3](#f0015){ref-type="fig"}, *D*--*E*). These results are support the influence of ascites on the mesothelial cell layer as observed by microscopy.Figure 3**Ovarian ascites induces modification in cell shape, proliferation and migration of mesothelial cells.**Morphology of mesothelial cells before (A) and after (B) treatment with ovarian ascites. % age fusiform of mesothelial cells after treatment of 25% ovarian ascites (C). Modified mesothelial cells (MM cells) proliferate (D) and migrate (E) rapidly in the presence of 25% ovarian ascites. The results are expressed as mean ± SEM of six independent experiments. \**P* \< .05, \*\**P* \< .01, \*\*\**P* \< .001 compared with the control (Ctrl).Figure 3

Ovarian Ascites Contains Biologically Active Proteins and Alters the Secretion of Cytokine by Mesothelial Cells *In Vitro* {#s0090}
--------------------------------------------------------------------------------------------------------------------------

We tested several peritoneal fluids from ovarian carcinomatosis by cytokine array analysis. The cytokine profile was detected in two patients with ovarian cancer and is presented in supplementary results Figure S1. The results indicate the presence of several groups of cytokines in each ascites involved in cancer cell growth and progression, angiogenic and lymphangiogenic stimulation, mesothelial cell activation, immune cell activation/inhibition, cell adhesion, membrane permeabilization and procoagulant activity. When mesothelial cells were grown in a medium without serum and other biological additives (conditioned medium) followed by incubation with 25% ovarian ascites for 24 h *in vitro*, the profile of cytokines pattern was changed. Mesothelial cells secret a high amount of IL-6, MCP-1, GRO, ANG, OPG, IL-8 and TIMP-1 in conditioned medium. The presence of ovarian ascites in culture medium could modify and increase cytokines secretion from the mesothelial cells as presented in [Figure 4](#f0020){ref-type="fig"}*A*. Among up-regulated proteins, the effect of IL-6, IL-8, HGF and GCP2 were tested separately on mesothelial cells in conditioned medium. The levels of mRNA folds for metalloprotease, procoagulant and pro-anticoagulant are presented in supplementary results table S2. These results indicate the upregulation of metalloprotease MMPs and neprilysin as well as tissue factor and fibronectin *via* an autocrine pathway ([Figure 4](#f0020){ref-type="fig"}, *B*--*E*).Figure 4**Relative expression of various cytokines and mRNA of metalloprotease, procoagulant and proanticoagulants in mesothelial cells after treatment with ovarian ascites.**The histogram shows the relative expression of cytokines (IL-6, MCP-1, GRO, GRO-α, ANG, OPG, GCP-2, IL-8, TIMP-1, HGF) secreted from mesothelial cells in their supernatant after treatment with ovarian ascites (A). mRNA of metalloprotease (MMP-2, MMP-9 and Neprilysin) and procoagulant (TF) were found in mesothelial cells after treatment with exogenous cytokines IL-6 (B), IL-8 (C) and growth factors HGF (D), GCP-2 (E) by qPCR. The results are expressed as mean ± SEM of six independent experiments. \**P* \< .05, \*\**P* \< .01, compared with the control (Ctrl).Figure 4

Ovarian Ascites Induces EMT Markers and Regulates Proteolytic Enzymes and Procoagulant Factors in Mesothelial Cells {#s0095}
-------------------------------------------------------------------------------------------------------------------

Mesothelial cells in the culture medium express basal amounts of EMT markers such as Snail, Slug, Vimentin, Fibronectin and Twist ([Figure 5](#f0025){ref-type="fig"}*A*). The basal amount of these markers as well as E-cadherin is presented in [Figure 5](#f0025){ref-type="fig"}*B* (green colors). When these cells were incubated in culture medium supplemented with 25% ovarian ascites, all EMT markers, except E-cadherin, were up-regulated as presented in [Figure 5](#f0025){ref-type="fig"}*B*. These results indicate the narrow correlation between cell shape modification and epithelial mesenchymal transition.Figure 5**mRNA expression of EMT, procoagulant, anti-procoagulant and metalloprotease markers and neprilysin activity in mesothelial cells as well as immunohistochemistry of ascitic cells from ovarian cancer.**mRNA of epithelial to mesenchymal transition (EMT) markers (E-cadherin, Snail, Slug, Vimentin, Fibronectin and Twist) were detected by RT-PCR (A), epithelial marker like E-cadherin was found higher (B) while mesenchymal markers (Snail, Slug, Vimentin, Fibronectin, and Twist) were found lower (D) in modified mesothelial cells (MM cells) than control (Ctrl) by qPCR; modified mesothelial cells are those treated with 25% ovarian ascites. mRNA of procoagulant (TF), anticoagulant (EPCR) and metalloprotease markers (Neprilysin, MMP-2 and MMP-9) were detected by RT-PCR (D), procoagulation marker (TF) was found higher but anti-procoagulant marker (EPCR) lower (E), metalloprotease and neprilysin were also found higher by qPCR (F) as well as neprilysin activity in modified mesothelial cells was detected higher in MM cells than ctrl (G). Protein expression level of ascitic cells is shown for Wt-1 (H) and D2--40 (I). Pictures were taken at 20× magnification. The results are expressed as mean ± SEM of six independent experiments. \**P* \< .05, \*\**P* \< .01, compared to the control (Ctrl).Figure 5

The basal mRNA expression of several metalloproteases (neprilysin, MMP2 and MMP9), pro-coagulant factors (tissue factor TF) and anti-procoagulant factor (endothelial protein C receptor EPCR) as well as neprilysin activity of the mesothelial cells are presented in [Figure 5](#f0025){ref-type="fig"}, *D*--*F* (green colors). When these cells were incubated for 48 h in culture medium supplemented with 25% ovarian ascites, the expression of all markers, except EPCR, were up-regulated. The results presented in [Figure 5](#f0025){ref-type="fig"}*D* demonstrate the upregulation of TF and down regulation of EPCR. These results support the global pro-coagulant activity of mesothelial cell microenvironments. Among MMPs, the neprilysin, MMP2 and MMP9 were expressed higher shown in [Figure 5](#f0025){ref-type="fig"}*E*. Neprilysin activity was also found at a higher level presented in [Figure 5](#f0025){ref-type="fig"}*F*. Consequently, ascites--mesothelial cell interaction induces the expression of membrane bound enzyme neprilysin as well as MMP2. When mesothelial microenvironment is modified by ascitic fluid, the high expression of MMPs and neprilysin can be an inductor of mesothelial detachment from the peritoneal membrane. As presented in [Figure 5](#f0025){ref-type="fig"}, *G* and *H*, the carcinomatosis cell clusters contain the mesothelial cells stained with D2--40 and WT-1 antibodies respectively.

Occurrence of Cancer Cell Cluster Associated with Fibrin Fiber in Peritoneal Fluid of Carcinomatosis {#s0100}
----------------------------------------------------------------------------------------------------

Isolated cancer cell clusters from peritoneal fluid of carcinomatosis were found to be associated with fibrin fiber. [Figure 6](#f0030){ref-type="fig"}*A* presents cell aggregates englobed by fibers that were stained with methylene blue and eosin dyes. These fibrin deposits could be observed when the clusters were examined using phase contrast microscopy ([Figure 6](#f0030){ref-type="fig"}*B*). The fibrin deposit in the cell cluster (Figure [6](#f0030){ref-type="fig"}*C*) was also detected by immunohistochemistry analysis. Fibrin matrix in intercellular space as presented in [Figure 6](#f0030){ref-type="fig"}*D* suggests the presence of fibrin in cancer cell cluster during peritoneal metastasis. The transmission electron microscopy of cell cluster presented in ([Figure 6](#f0030){ref-type="fig"}*E*) shows the fibrin network around the cells. High magnification of fibrin reticulation presented in [Figure 6](#f0030){ref-type="fig"}*F* indicated the typical fibrin structure. These results suggest that fibrin might be helpful for the cancer cell cluster integrities.Figure 6**Fibrin network interaction of cancer cells.**Shows cell aggregates isolated from ascites and stained with methylene blue and eosin dyes (A). Fibrin deposition with fiber filaments expansion (red arrow) and without (black arrow) was shown. The cancer cell cluster with fibrin networks (black arrow) was isolated from ascites (initial magnification of phase contrast microscopy is 40×) (B). Immunohistochemical detection of fibrin deposit in cell cluster (C) and fibrin matrix in intercellular space (D) is shown. Electronic micrographs of ascitic cell clusters (×650) (E), a view of fibrin fibers (×71000) was analyzed by transmission electron microscopy (F). Interaction of cancer cells with the fibrin clots was analyzed by scanning electron microscopy (G-J) and photonic microscopy (K and L picture resulting from microcinematography analysis, CCC: cancer cell cluster). Graphical representation of detached fibrin filament with time was presented in (M). The diagram of different steps for cancer cell cluster formation is shown in (N), urokinase plasminogen activator (uPA) and tissues plasminogen activator (tPA).Figure 6

Our *in vitro* study showed that when the cancer cells were incubated with fibrin clot generated by a pool of several human plasma ([Figure 6](#f0030){ref-type="fig"}*G*), they interacted and adhered to fibrin fiber ([Figure 6](#f0030){ref-type="fig"}*H*). The detail of phyllopod interaction with fibrin is demonstrated in [Figure 6](#f0030){ref-type="fig"}*I* (the phyllopod adhered on the fibrin net) and [Figure 6](#f0030){ref-type="fig"}*J* (the phyllopod inserted into the clot).

In parallel studies, the interaction of cancer cells with fibrin clot was analyzed by micro cinematography. Here, when the fibrin clot was incubated with culture medium, the fibrin fibers filaments disintegrated from fibrin clot body in a time dependent manner ([Figure 6](#f0030){ref-type="fig"}*M*).

In this study, we distinguished three kinds of interactions: 1) the direct interaction of cells with fibrin clot surface, 2) the interaction of the cells with detached fiber filaments that modified the kinetic of cell interaction with fibrin corpus 3) the inhibition of cells to adhere the fibrin corpus and confining the cancer cells ([Figure 6](#f0030){ref-type="fig"}*K*). The data presented in [Figure 6](#f0030){ref-type="fig"}*M* show that after 28 h of incubation of cancer cells with fibrin clot, they covered the distance 507 μm length within 76 min (zone 1) while the fiber filaments generated from clots have 53 μm lengths (zone 2) (the mean of 3 experiments). In this condition, the detached fiber filaments prevented the cancer cell-fibrin clot interaction. Fifty minutes were taken by the cancer cells to attach the fibrin clot (speed of cell migration on the clot 0.69 to 1.05 μm/min (zone 3)). Forty-five hours later, the detached fiber filaments inhibited the interaction of cancer cells with fibrin clot body and sequestered the cancer cells. Curiously, these detached fibrins generated agglomerated cells and formed the cancer cell clusters ([Figure 6](#f0030){ref-type="fig"}*L*).

Discussion {#s0105}
==========

The natural history of peritoneal carcinoma in ovarian cancer is similar to the digestive tumor with metastasis and dissemination of peritoneum. The consequences of this phenomenon are cancer nodule formation on the peritoneal surface, ascites generation and the formation of cancer cell clusters suspended in peritoneal fluid. All these elements contribute to favorable microenvironments for the growth and dissemination of tumor cells in the peritoneal cavity.

The peritoneum, covered by mesothelial cells layer forms a non-adhesive protective surface that involves the transport of fluids as well as antigen presentation, coagulation and fibrinolysis. In the peritoneal cavity, pathologic conditions lead to peritoneal injury, mesothelial desquamation and cell migration and liberation.

In carcinomatosis, the presence of cancer cells in peritoneal cavity induces the pro-inflammatory state and modifies the mesothelial cell layer microenvironment [@bb0110] resulting in cell layer disruption due to change in cell polarity [@bb0115]. When mesothelial cells are cultured with the ovarian carcinomatous fluids (1 to 6 days), the cells change their shape and acquire mesenchymal characteristics as reflected by the up regulation of Slug, Snail, Vimentin, N-cadherin, Twist and Fibronectin (*P* = .001). E-cadherin, was down-regulated (*P* = .001). In parallel studies by cytokine array analysis of peritoneal fluid of ovarian, colic and gastric carcinomatosis, we showed high amounts of several family of cytokines such as nerve growth factor (NGF), vascular endothelial growth, (VEGF), macrophage inflammatory proteins (MIF), immune-inflammatory, MMP/TIMP and adiponectin as well as the cytokines and growth factors involved in EMT (results not shown). These observations indicate that mesenchymal transformation of the mesothelial cells is due to favorable microenvironments, generated by carcinomatous fluids. Upregulation of fibronectin in transformed cells could be a target for cancer cell adhesion.

Carcinomatous fluids induce cancer cell migration and also considerable changes in mesothelial cytokines secretion. In conditioned supernatants of mesothelial cells, after incubation of these cells in carcinomatosis peritoneal fluid (25%), interleukin 6 (IL6), IL8, MCP-1, GRO, ANG, GCP-2, and hepatocyte growth factor (HGF) were up-regulated. Under the same conditions, we tested the expression of some metalloproteinases such as MMP-2, MMP-7, MMP-9 and neprilysin known as a membrane metallo-endopeptidase (CD10). Among these enzymes, MMP-2, MMP9 and neprilysin were up-regulated significantly (*P* = .001) reflecting enhanced extracellular matrix degradation activity. The mRNA expression of neprilysin, MMP 9 and MMP 2 increased 10.4 and 1.7 times, respectively, when mesothelial cells acquired mesenchymal characteristics through EMT phenomena. This study was confirmed by neprilysin activity, examination of biopsies from ovarian carcinomatosis by immuno-histochemical analysis and over expression of CD10 immunoreactivity in mesothelial cells. Curiously, all peritoneal cells extracted from ascites of ovarian or digestive cancers presented high amount of detached mesothelial cells stained with D2--40 [@bb0120] and Wilm\'s tumor marker (WT-1) [@bb0125]. These results support the detachment of mesothelial cells in carcinomatous ascites.

When mesothelial cells were incubated with bioactive proteins (IL-6, IL-8, HGF, and GCP-2), the upregulation of fibronectin and neprilysin as well as metalloproteases were observed. HGF and IL-8 modulate the adhesion of cancer cells to the peritoneal mesothelium [@bb0130], [@bb0135]. IL-6 and GCP-2 up-regulate the tissue factor, a pro-coagulant protein [@bb0140]. Tissue factors were also up-regulated during mesothelial mesenchymal cell transformation. Interestingly, endothelial protein C receptor (EPCR) was down-regulated under the same condition [@bb0145]. The protein C as a natural anticoagulant could participate in non-clotability of carcinomatous ascites. The increased tissue factor and decreased EPCR expression on transformed mesothelial cells modified the lubrication property of mesothelial cells surface and induced pro-coagulant activity on the peritoneal surface. The immediate consequences of this phenomenon are fibrin formation and deposition. The presence of fibrin on the mesothelial layer of peritoneum as well as in the ascites of carcinomatous patients is in agreement with this hypothesis. Our *in vitro* studies show cancer cell adherence and penetration into the fibrin gel when incubated with the plasmatic fibrin clot. These results were confirmed by SEM and MCG analysis. The results of SEM images related to fibrin and cancer cell interaction indicate the presence of the interfibrillar pores and prolongation of cellular philopods on the gel in the fibrin network. The results were confirmed by MCG in 48 h of cancer cell- fibrin gel interaction. The kinetic of cell attachment on the fibrin, in a time dependent manner, showed that attachment happened up to 7 h and gradually diminished as fibrin fibers disintegrated and were released. Interestingly, the unattached cells sequestered by the fibrin fiber in peripheral zone of fibrin clot could agglomerate and divide. In this study we measured the kinetic of fibrin fiber filaments dissociation from fibrin corpus. These results indicate that after fibrin formation on the inner peritoneal layer, the cancer cells attach to the fibrin mass and implant on the peritoneal surface. This fibrin gel in peritoneal fluid can generate the fibrin fiber and inhibit the subsequent attachment of cancer cells to the fibrin corpus. Therefore, sequestered cells could generate cancer cells clusters. The analyses of several MCG revealed that when the cancer cells attached to fibrin corpus, the cells divided and produced a cancerous nodule as shown in the [supplementary video](#ec0010){ref-type="supplementary-material"}. In contrast, the sequestered cells also divided and formed the cell clusters. These clusters might be detached from peritoneal surface by fibrinolytic enzymes such as tissue plasmin activator (tPA) and urokinase (uPA) and liberated into peritoneal fluids [@bb0150]. In addition to fibrin formation, we have recently shown that these mesothelial cells have the ability to absorb sHLA-G from the ascites which is an immunomodulatory protein. This absorbance of sHLA-G can further aid in the attachment of cancer cells to the peritoneal surface by providing immune suppressive microenvironment [@bb0155].

In parallel studies, we observed the shape modification of mesothelial cells by SEM on the invasive and non-invasive sample from ovarian carcinomatosis patients. In the carcinomatosis zones of peritoneum, compared with non-invasive zone, the mesothelial cells presented high deformity and irregularity. Several wounds in mesothelial cell layer suggested the denudation of basal membrane of mesothelium. The morphological aspect also suggested the fibrin fiber deposition in small and vast region on the peritoneal membrane. The fibrin network having the same shape as *in vitro*, covered several zones of peritoneum on the sub mesothelial cells layer. In conclusion, the results obtained in this study indicate, for the first time, that cancerous nodules develop on the peritoneal membranes due to fibrin formation on the inner peritoneal layer, whereby the cancer cells attach to fibrin mass and implant on the membrane surface. Free fibrin fiber filaments liberated from the fibrin corpus attach to floating cancer cells which agglomerate and form globular cancer cell clusters in the ascitic fluid. These are key events in cancer cell dissemination and carcinomatosis expansion. Our finding is indeed a big stride in understanding the dilemma of peritoneal metastasis.
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